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ABSTRACT

Context. Extracting plasma structures in the solar corona (e.g. jets, loops, prominences) from spacecraft imagery data is essential in
order to ascertain their unique properties and for our understanding of their evolution.
Aims. Hence, our aim is to detect all coronal off-limb structures over a solar cycle and to analyse their statistical properties. In
particular, we investigated the intensity and density evolution of these coronal structures, with a specific focus on active longitudes in
the corona, that is, longitudinal regions where the solar activity is unequivocally dominant.
Methods. We developed a methodology based on mathematical morphology (MM) algorithms to extract these coronal structures
from extreme ultraviolet (EUV) images taken by the Solar Dynamics Observatory (SDO)/Atmospheric Imaging Assembly (AIA) in
the 304 Å wavelength channel during Solar Cycle (SC) 24.
Results. The resulting dataset consists of 877 843 structures spanning the whole period from June 2010 to December 2021 with
a three-hour cadence. We assessed the main characteristics of these coronal off-limb structures, such as their length, width, area,
perimeter, latitude, and longitude (evaluated at the centre of the structures), as well as their intensity corrected for the charge-coupled
device (CCD) sensitivity degradation of the AIA instrument.
Conclusions. Regarding most of these properties, we find similar trends to the behaviour of the on-disk features, including the butterfly
diagram and the structures that migrate towards the polar regions (also referred to as ‘rush-to-the-poles’ structures) expanding during
the rising phase of SC 24 until the reversal of the magnetic field at the solar poles. We uncover an interesting distribution: lower-
intensity coronal structures seem to behave differently with respect to higher-intensity structures. The butterfly diagram is clearly
shaped by the high-intensity structures, while the lower-intensity structures are more dispersed and survive during the declining phase
of SC 24. We also find evidence of the existence of active longitudes in the corona and of their dependence on differential rotation
and latitude.

Key words. methods: data analysis – methods: observational – methods: statistical – techniques: image processing –
Sun: activity – Sun: corona

1. Introduction

The Sun’s hot plasma and dynamic magnetic fields, travel-
ling through its atmosphere, give rise to various solar phenom-
ena. Among these are coronal mass ejections (CMEs), which
involve massive outbursts of magnetised plasma ejected into
interplanetary space (Green et al. 2018), often associated with
prominences and active regions (Subramanian & Dere 2001).
Solar flares are another significant phenomenon, characterised
by eruptions of electromagnetic radiation spanning a broad spec-
trum, from gamma rays to visible light and radio waves. Flares
are frequently related to CMEs in powerful events (Green et al.
2002; Youssef 2012) and are most prominently observed at ultra-
violet (UV), extreme ultraviolet (EUV), and X-rays wavelengths
used for flare classification in the Geostationary Operational
Environmental Satellite (GOES) system. Additionally, flares and
CME-driven shock waves may accelerate solar energetic parti-
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cles (SEPs), posing risks to astronauts and, to a lesser extent,
aircrew members and airline passengers (Bain et al. 2023). They
can also disrupt radio communications and global navigation
satellite system (GNSS) signals due to elevated radiation lev-
els in space. Similarly, solar flares can impact communication
and navigation systems by causing ionospheric disturbances
(Zhang et al. 2021), while the magnetic fields embedded in CME
structures can trigger geomagnetic storms (Webb & Howard
2012), disrupting electrical equipment on Earth, such as power
grids. As society increasingly relies on space-based technolo-
gies, the influence of such solar phenomena on our planetary
environment becomes more pronounced, thereby emphasising
the growing need to understand, monitor, and forecast these
events (Georgoulis et al. 2024).

Solar eruptions originate from complex magnetic structures
that span the entire solar atmosphere, from the photosphere to
the corona, and are subject to cyclic fluctuations. Hathaway
(2010) provides a thorough review of the solar cycle, particularly
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the relationship between sunspot emergence, time, and solar lati-
tude, known as the butterfly diagram, first identified by Maunder
(1904). In this pattern, sunspots initially appear at mid-latitudes
(around 20◦−30◦ north and south) near solar minimum and grad-
ually migrate toward the solar equator, forming the characteris-
tic wings of the butterfly diagram, before new sunspots emerge
at mid-latitudes in the next cycle. The solar cycle itself was first
observed by Schwabe & Schwabe Herrn (1844) through varia-
tions in sunspot group numbers. However, the solar cycle extends
far beyond the sunspot cycle. For example, Diercke et al. (2024)
identify a filament cycle using a deep learning (DL) detec-
tion algorithm on H-alpha observations during Solar Cycle (SC)
24. Similarly, Zhang et al. (2024) describe a prominence cycle
detected during the same cycle, applying DL techniques to Solar
Dynamics Observatory (SDO)/Atmospheric Imaging Assembly
(AIA) 304 Å images. Liu et al. (2023) report an off-limb coronal
jet cycle using their semiautomated jet identification algorithm
(SAJIA) on pre-processed SDO/AIA 304 Å observations.

Coronal structures, and the corona as a whole, have been
intensely studied since Bernard Lyot’s invention of the coro-
nagraph in 1930 (Lyot 1939; Hufbauer et al. 2007; Koutchmy
1988). The corona hosts various dynamic features that play a
major role in triggering solar eruptions, both in terms of parti-
cles (e.g. CMEs) and radiation (e.g. solar flares). These features
are often studied individually; for example, Liu et al. (2023)
examined 1215 coronal jets, a study later expanded to 2704
jets by Soós et al. (2024), while Zhang et al. (2024) introduced
a large dataset of 50 456 prominences, both from SC 24, using
SDO/AIA 304 Å images. Despite the challenges in compiling
extensive databases of coronal features, these datasets are crucial
for gaining deeper insights into the dynamics of the solar corona.
Some regions are more active than others, and those where coro-
nal activity occurs more frequently, whether by latitude or lon-
gitude, are of particular interest.

For this paper we conducted a statistical study of all observed
coronal off-limb structures at once, an analysis that, to the best of
our knowledge, has not yet been performed in the literature. We
extracted these structures from SDO/AIA 304 Å images span-
ning from June 2010 to December 2021, using a cadence of three
hours. The extraction was performed via an image processing
methodology based on mathematical morphology (MM) trans-
forms.

Mathematical morphology provides powerful tools for vari-
ous image processing tasks such as image enhancement, shape
and size analysis, skeletonisation, multi-scale analysis, back-
ground subtraction, and noise removal. These tools are widely
applied across a range of fields. For instance, MM has been
instrumental in tasks such as printed character recognition and
human face identification, as demonstrated by Iwanowski et al.
(1997). Although MM was conceived in the early 1960s
(Matheron 1967; Haas et al. 1967; Serra 1969), its application in
solar physics is relatively recent. As an example, Marshall et al.
(2006) applied MM to eliminate cosmic ray noise from the
Solar and Heliospheric Observatory (SOHO)/Large Angle and
Spectrometric Coronagraph (LASCO) C2 data, demonstrating
its superiority over other noise-removal techniques. In solar
physics, MM is predominantly used for feature detection, seg-
mentation, and solar event tracking, such as filament detection
(Kowalski 2003; Qu et al. 2005; Koch & Rosolowsky 2015),
filament tracking (Shih & Kowalski 2003), sunspot identifica-
tion (Ling et al. 2020; Zharkov et al. 2005; Curto et al. 2008;
Carvalho et al. 2020; Bourgeois et al. 2024), sunspot classifica-
tion (Stenning et al. 2011), and faculae detection (Barata et al.
2018). MM is adaptable to a wide range of observational data
types and resolutions, and to simulation data. For example,
Wagner et al. (2023) used MM to extract magnetic flux rope

structures embedded in early-phase CMEs from simulation-
generated twist number maps, investigating their dynamics and
eruptivity behaviour.

For this study we applied MM algorithms to identify coro-
nal off-limb structures and measured their key properties (e.g.
area, intensity, latitude, longitude). We examined their tempo-
ral and latitudinal distributions, with a particular focus on the
north–south (N-S) asymmetry, which arises from an imbalance
in solar activity between the hemispheres (Svalgaard & Kamide
2013; Janardhan et al. 2018) and is linked to the near-equatorial
meridional flow (Hathaway 2010; Blanter & Shnirman 2021).
We analysed the butterfly diagram in the context of coronal off-
limb structures. While active latitudes (regions where coronal
activity intensifies) are well-established, the existence of active
longitudes (i.e. longitudinal belts) is also suggested, though their
interpretation is more nuanced.

Active longitudes (ALs) have been observed within a range
of 20 to 60◦ (Bumba & Obridko 1969; Gyenge et al. 2016),
at opposing heliographic longitudes (Dodson & Hedeman
1968; Bai 1987; Jetsu et al. 1993, 1997; Bumba et al. 2000;
Mordvinov & Kitchatinov 2004; Vernova et al. 2004). However,
their visibility and detectability tend to decrease over a certain
amount of time, complicating their identification. This variabil-
ity has contributed to ongoing debates about their existence, with
some studies questioning their validity (Pelt et al. 2005). The
literature generally agrees on their presence, but their specific
properties, such as lifespan and location, remain contentious
(Berdyugina & Usoskin 2003). ALs have been observed to per-
sist for roughly 10 to 15 Carrington rotations (Castenmiller et al.
1986; de Toma et al. 2000; Kostyuchenko & Vernova 2024);
however, their exact origins and the mechanisms driving their
formation are still unclear.

Several hypotheses suggest that the emergence of new
magnetic flux (Gaizauskas et al. 1983) and the influence
of a non-axisymmetric relic magnetic field might be key
drivers (Mordvinov et al. 2002; Kitchatinov & Olemskoi 2005;
Olemskoy & Kitchatinov 2009; Raphaldini et al. 2023). Addi-
tionally, there is evidence of a correlation with helicity, as
ALs frequently encompass active regions that do not con-
form to the hemispheric helicity rule (Canfield & Pevtsov 1998;
Pevtsov & Canfield 1999; Pevtsov & Balasubramaniam 2003),
indicating that their origin is likely tied to helicity and solar
dynamo processes occurring beneath the photospheric layer.
Given this context, for this paper we utilised the MM method dis-
cussed above to identify coronal off-limb structures and explore
their longitudinal behaviour.

This paper is organised as follows. In Sect. 2 we introduce
the satellite data (Sect. 2.1) and the MM methodology (Sect. 2.2)
used in this study. We present the developed dataset of coronal
structures and their main properties in Sect. 3. Section 4 cov-
ers the statistical results, followed by our conclusions and future
prospects in Sect. 5.

2. Data and methodology

In this section we describe in detail the data and methodology
employed in this paper and yield the extraction of 877 843 coro-
nal off-limb structures over SC 24 (2010–2021).

2.1. Data

The input data consists of a set of SDO/AIA 304 Å images, cov-
ering almost the entire SC 24, from June 2010 to December
2021, with a cadence of 3 hours. For each day, data is taken
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at 00:00:00, 03:00:00, 06:00:00, 09:00:00, 12:00:00, 15:00:00,
18:00:00, 21:00:28 (UT time), respectively. These images have
been downsized, normalised, and masked from the solar cen-
tre up to 14 Mm above the solar radius, according to the pro-
cedure described by Liu et al. (2023). The mask was necessary
to remove any unwanted chromospheric features, thus enabling
us to focus on coronal structures only. The 304 Å channel was
selected in order to distinguish coronal structures optimally, as
pointed out by Liu et al. (2023).

We checked manually the quality of these images by visual
inspection on half of the dataset (corresponding to 03:00:00,
09:00:00, 15:00:00, 21:00:28 UT times of each day), and we
removed 456 unusable – noisy and/or misaligned – images. For
the second half of the dataset, we employed a different strategy
to discard dates corresponding to outliers in our statistical study,
as the previous approach was very time-consuming. Specifically,
a disproportionate density of features on a particular date indi-
cates a weakness in our algorithm, which mistakenly identifies
each noisy dot as a coronal structure. Therefore, we removed the
images associated with these high-density outliers, ensuring that
the dataset was cleaned of noisy data and images where the solar
disk was not properly aligned. Finally, we established a thresh-
old of 685 Mm for the distance from the bottom pixel of each
detected coronal structure to the solar centre, as the algorithm
tends to inappropriately detect coronal structures within the solar
mask when processing noisy image data. This threshold enabled
a more effective filtering process, discarding most of the noisy
data.

After implementing all these filtering processes, the new
dataset built now consists of 32 985 images and is set to undergo
MM image processing. An example of ready-to-use image from
this dataset is displayed in Fig. 1. We endeavour to extract all
the dark coronal structures appearing on this image, whatever
they may be (e.g. prominences, jets, solar loops). For an exam-
ple, we clearly distinguish between two solar jets (indicated by
red arrows in Fig. 1) that have been checked by visual inspec-
tion on video sequences. We discriminate the small-sized noise
from the coronal structures by automatically applying a filter on
the size of the image objects (namely, the white top-hat and the
small object removal function; see Sect. 2.2). We have verified
the effects of these filters on images from the first half of the
dataset. It is possible that some noise may be detected as a coro-
nal structure on its own and vice versa. This effect is however
negligible given the large number of coronal structures detected
by our algorithm.

2.2. Mathematical morphology

Mathematical morphology is an image processing method, built
on set theory, which consists in analysing, extracting or detecting
image features by comparing them with simpler feature shapes.
With this method, one is able to compare the complex-shaped
objects in images with a smaller and simpler-shaped object – the
structuring element (SE). The image is processed based on this
SE and a MM function enabling the extraction of complex fea-
tures. In other words, the SE scans the image – similarly to a
kernel in a convolution operation – and modifies the features of
the images in accordance with one determined MM transform.
A combination of multiple SEs can be used as parameters in
each transform to enhance the desired results, as demonstrated
by Lirui & Runtao (1991). According to the image dimensions
and type, and to the MM function that one considers applying
on to the image in line with one’s purposes (e.g. noise filtering,
edge detection, feature segmentation, image enhancement), the

Fig. 1. SDO/AIA 304 Å image recorded on 6 June 2010 at 15:00:00
(UT time) and pre-processed by the procedure developed by Liu et al.
(2023). Here the inverted image is displayed instead of the original
image for visualisation purposes. The red arrows indicate solar jets
(checked manually).

user pre-defines a suitable SE. The SE is indeed a highly cus-
tomisable object as one has a free hand on varying its shape, size,
and orientation altogether. In addition to the SE, MM stands on
two fundamental functions that we briefly introduce: erosion and
dilation. Erosion is denoted and defined in Eq. (1) (Soille 1999)
from the perspective of set theory, with S designating the SE and
X a set:

ǫS (X) = X ⊖ S = {x | Sx ⊆ X}, (1)
[ǫS ( f )](x) = min

s∈S
f (x + s). (2)

The erosion of X by S consists in all the points x such that the SE
(which origin is at x) entirely fits in X. In the images, this ero-
sion operation results in shrinking objects’ boundaries, as Eq. (2)
(Soille 1999) shows. The dilation, on the other hand, is described
in Eq. (3) (Soille 1999) and contains all points x such that the SE
(with origin at x) hits X in some way:

δS (X) = X ⊕ S = {x | Sx ∩ X , ∅}, (3)
[δS ( f )](x) = max

s∈S
f (x + s). (4)

The dilation operation thus entails an expansion of objects’
boundaries in images (see Eq. (4)). By combining and chaining
these two basic operations, more complex transformations can
be created; for instance, the following functions, white top-hat,
morphological opening and gradient, respectively:

Wth( f ) = f − γ( f ), (5)
γS ( f ) = δS [ǫS ( f )], (6)

grad+( f ) = δS ( f ) − f . (7)

In this work we seek to apply MM functions on the pre-
processed satellite data introduced earlier in Sect. 2.1 in order to
extract all the coronal off-limb structures visible in these images.
Figure 2 displays the main steps of our processing algorithm.

First, we perform a white top-hat operation (Fig. 2A), which
is defined in Eq. (5) as the difference between the image and its
opening γ. γ is described in Eq. (6) (Soille 1999). In practical
terms, the opening function is a dilation of an erosion (with the
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same SE), that is, the image is partly reconstructed from the ero-
sion by the dilation operation, leading to the removal of small
objects while still preserving the larger structures in the original
image. The opening is incorporated in the white top-hat opera-
tion which, as its name suggests, isolates small peaks (bright-
est regions) standing out in an image. Here, we resort to the
white top-hat as we aim to uncover the bright coronal features –
which are already emphasised by the pre-processing steps led by
Liu et al. (2023) – instead of a black top-hat, based on the clos-
ing transform function, that highlights the small dark features
such as sunspots (Bourgeois et al. 2024). The SE chosen for the
top-hat transform is a circular object with a size of 200 pixels.

Subsequently, a fixed threshold of 135 was applied in Fig. 2B
to create a binary image. This thresholding technique allows
us to distinguish between the coronal off-limb structures and
the background noise by establishing a specific value that sep-
arates the bright features from the darker areas. In the result-
ing binary image, the inverted bright pixels (shown in black)
represent the areas of interest. Following this, in Fig. 2C, a
small object removal function was utilised with a circular SE
of 5 pixels. This step is crucial for enhancing the quality of the
image by eliminating small-sized noise that does not correspond
to the coronal structures. By using a circular SE, we ensure that
any isolated pixels or small groups of pixels smaller than 5 pixels
are removed, allowing us to retain only the larger, meaningful
coronal off-limb structures that we are interested in analysing.
Finally, in Fig. 2D, each coronal off-limb structure is assigned a
unique label, facilitating identification and reference throughout
the analysis. In total, 53 distinct coronal off-limb structures are
identified in this image.

We then apply a morphological half-gradient by dilation –
also referred to simply as external gradient – to extract the labels’
contours. The external gradient is the difference between the
dilated image and the image itself (see Eq. (7)) and is indeed very
helpful in underlining objects’ edges within an image. In Fig. 3,
the coronal feature contouring – elicited through the external
gradient – is overlaid on the pre-processed image that has been
disposed of all the white noise (here appearing in dark in the
inverted image). The contours have been eroded with a circular
SE of size 2.5 in order to distinguish the inner structures with
more clarity.

The main steps of this algorithm (Fig. 2) have automatically
been reiterated on all the images of the dataset (Sect. 2.1). The
different values of the threshold and MM function parameters are
described in the previous paragraphs of this section. For each
MM transform, we use a disk-shaped SE so as not to distort
the solar disk and to keep isotropic features; however, we note
that if our aim were to detect coronal jets only, a line-shaped SE
would prove more suitable to the identification of these straight-
like structures. It is important to mention here that we did not
discriminate between the short- and long-lived coronal off-limb
structures: some of them last more than three hours but are to be
identified by the algorithm as new structures.

3. Properties

Once we extracted all coronal off-limb structures, we were able
to proceed with the computation of their main characteristics
such as their area (in square megametres, Mm2), perimeter (in
megametres, Mm), length (Mm), width (Mm). The length and
width of the structures were computed using the Feret diame-
ter. Defined, for instance, by Lourenço et al. (2015), the Feret
diameter consists of a set of distances between any two paral-
lel tangents to the structure’s contour (similar to a slide gauge

Fig. 2. Main steps of the extraction algorithm applied to the image
described in Fig. 1. The images are inverted for visualisation purposes.
Panel A: White top-hat operation. The small, bright features of the
image (here highlighted in black) smaller than 200 pixels (the size of
the SE used in this operation) are isolated. Panel B: Fixed threshold.
The image is binarised. Panel C: Small object removal function. Noise
smaller than 5 pixels (the SE size) is eliminated, retaining only the struc-
tures of interest. Panel D: Labelling. Each coronal off-limb structure is
labelled with a unique number and colour.

Fig. 3. Contouring of all the coronal off-limb structures (obtained via
application of the morphological gradient operation) overlaid on the
pre-processed image from Fig. 1 (6 June 2010 at 15:00:00 UT time)
after noise filtering. We show the inverted image.

measurement); the length and width are thus represented by the
maximum and minimum Feret diameter, respectively. We also
measured the position angle (PA) of the coronal structures’ cen-
tral points (calculated anticlockwise from the solar north pole,
in degrees) and, from there, we derived the centroids’ longitude
and latitude – without correction for the B0 angle. The B0 angle
represents the heliographic latitude of the solar disk centre and
oscillates in a sinusoidal manner between −7, 23◦ and +7, 23◦
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Fig. 4. Monthly distribution of the density and intensity of coronal off-
limb structures from 1 January 2011 00:00:00 to 31 December 2021
21:00:28 UT. The structures were recorded at three-hour intervals, and
the total number observed each month is displayed on the y-axis. Each
dot represents the total number of observed structures per month, with
the size and colour of the dots indicating their intensity. Smaller and
lighter dots correspond to weaker summed intensities, while larger and
darker dots represent higher summed intensities. The intensity and num-
ber of detected structures are correlated. A peak in both density and
intensity occurs in 2013, while the overall trend shows a sharp decline
throughout SC 24, with a slight increase at the beginning of the next
cycle around 2019–2020.

when observed from the Earth. We consider it to be negligible in
this work.

Moreover, the MM library that we use for quantitative image
analysis, DIPlib, enables us to calculate various morphology
parameters including circularity, convexity, eccentricity, Pod-
czeck shapes, mean radius of structures. We do not describe
them thoroughly here as our statistical study focuses mostly on
the other properties mentioned above, as well as on the intensity
behaviour of the coronal features. However, all properties can
be found in the dataset available on the University of Sheffield’s
Online Research Data (ORDA) repository1.

The intensity is assessed in digital number (DN) and cor-
rected for the charge-coupled device (CCD) sensitivity degra-
dation on board the SDO/AIA instrument with the aiapy pack-
age tool developed by Barnes et al. (2020). Notwithstanding this
correction, the intensity measurement seems to suffer from this
degradation and early on since the launch of the SDO spacecraft
in 2010, as seen in Fig. 4.

Figure 4 displays the monthly distribution of coronal off-
limb structures. Both the markers’ size and colour indicate the
coronal off-limb structures’ intensity (corrected for the CCD
degradation): darker and larger data points represent the coronal
off-limb structures with higher intensity values (in DN) while
lighter and smaller data points show lower intensities. The influ-
ence of the solar cycle is conspicuous: the peak in the num-
ber of coronal features at the start of 2013 depicts the solar
cycle approaching its maximum, and both the intensity and the
density of features slightly increase in 2019, as a new solar
cycle – SC 25 – begins its expansion (starting in December
2019). However, the number of features strikingly decreases
with time. Likewise, the features’ intensity follows a declining
trend overall. Despite the correction for the CCD degradation,
the impact of the latter on the pixel intensities – also acknowl-
edged by Ahmadzadeh et al. (2019) – remains far too important,
especially in the AIA 304 Å passband (forming at temperatures

1 https://orda.shef.ac.uk/articles/dataset/Coronal_

Off-Limb_Structures_Dataset_COLS-24_/27130590/1

Fig. 5. Latitudinal distribution of coronal off-limb structures during SC
24. Two prominent peaks are observed at latitudes around +20/25◦

and −20/25◦, corresponding to the active latitude belts. A slight gap
between these peaks may suggest a N-S asymmetry, with a subtle pre-
dominance of activity in the northern hemisphere during this cycle.

around 50 000 K), as it has been spectacularly evidenced by
Zwaard et al. (2021). This effect is thus to be kept in mind all
along our statistical interpretations in the next section.

4. Statistical results

The statistical results obtained from the extraction of 877 843
coronal off-limb structures (described in Sect. 2) for nearly the
entire duration of SC 24 (June 2010–December 2021) are pre-
sented here. Beforehand, the number of structures will be exam-
ined against latitude.

4.1. North–south asymmetry

Figure 5 shows the kernel density estimate (KDE) plot of the lati-
tude of all the detected coronal off-limb structures. KDE is a non-
parametric method yielding an estimation of features’ density
based on so-called kernels that act as weights balancing up the
distances of all data points. In Fig. 5, the edge effects have been
discarded by rolling up the KDE distribution (i.e. the same dis-
tribution has been prior and subsequently appended). Two clear
peaks stand out at mid-latitudes around ±20/25◦, as one might
expect it. There are fewer coronal features near the solar poles,
but the more we progress towards the mid-latitudes, the more
these features become abundant. After reaching a local maxi-
mum at ±20/25◦, the number of coronal structures decreases
again while approaching the equator – a dip is visible at 0◦. Inter-
estingly, we observe that the two maxima are not of equal height:
the north features a higher density of coronal features at +20/25◦

with a maximum at a density of 3, 17× 10−3 against a maximum
at a density of 2, 91 × 10−3 in the south. This observation seems
to reveal the so-called N-S asymmetry.

Figure 5 shows a northern dominance during Solar Cycle 24
that is also supported by the findings of Chandra et al. (2022).
In their case, in the periodicity of the daily sunspot number, they
also reported a southern dominance during SCs 22 and 23. Other
authors found, instead, increased solar activity in the southern
hemisphere during SC 24 (e.g. Liu et al. 2023 with coronal jets).
There is some inconsistency about this topic in the literature. For
example, Hao et al. (2015) observed a southern dominance dur-
ing SC 22 followed by a northern dominance in SC 23 and dur-
ing the rise of SC 24 (but their study ends in December 2013),
which is contradictory with the works of Li et al. (2009) and
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Fig. 6. Distribution of the latitude of coronal off-limb structures per
year. Row 1 corresponds to 2010 and row 12 to 2021. Only six months
of data were recorded in 2010, while the other rows represent entire
years. This figure is consistent with the butterfly diagram, illustrating
two distinct latitudinal peaks in the northern and southern hemispheres
for most years. These peaks shift over time, moving closer to each other
and toward the equator around the maximum of SC 24 in 2014 and at
the beginning of the declining phase. Eventually, they converge into a
single peak near the equator (slightly to the northern side). At the end
of SC 24 and the beginning of SC 25, the peaks appear distinctly apart
as coronal activity increases at mid-latitudes.

Chandra Joshi et al. (2009) who reported a southern dominance
during SC 23 in sunspot activity and prominences, respectively.

These discrepancies between different studies may come
from the variety of observed solar features (e.g. sunspots, fila-
ments, prominences, jets) which exhibit distinct behaviours due
to the influence of localised small-scale dynamics. Coronal off-
limb structures are no exception as they encompass jets and
prominences along with other features that may follow a dif-
ferent trend to that of sunspots (see Fig. 8 in Sect. 4.2). In addi-
tion, the datasets in different studies might have been created in a
different manner. We recall here that our dataset contains struc-
tures that may be registered more than once (in fact, all struc-
tures living longer than three hours), which can introduce some
bias. Hao et al. (2015) face a similar difficulty with their filament
database (with one-day cadence), while other authors count each
structure only once (e.g. Liu et al. 2023 and their 1215 jets).

The N-S asymmetry thus seems to depend on the solar cycle,
but also on the year (see Fig. 6) and even on the month (see
Fig. 7). For instance, Fig. 6 showcases the KDE plot of the
latitude of the coronal off-limb structures for each year of our
dataset. We note that the first year (2010, first row) may not be
entirely relevant here as it contains only half of the data (start-
ing from June 2010). The KDE distribution has been rolled up
as described previously to prevent any edge effect. We point
out here that the KDE distribution is not normalised in Figs. 6

Fig. 7. Distribution of the latitude of coronal off-limb structures per
month in 2021. Row 1 corresponds to January and row 12 to December.
Notably, the two expected peaks in latitude (corresponding to the active
latitude belts) are not consistent across the hemispheres throughout the
months, revealing a strong N-S asymmetry. There is a predominance of
coronal activity in the southern hemisphere at the beginning and end of
the year, while the northern hemisphere exhibits either equal or greater
coronal activity during the middle of the year.

and 7, nor in any of the subsequent figures in this paper that
show a KDE distribution. Consequently, the rows can be com-
pared against each other qualitatively but not quantitatively. The
bandwidth of the kernel function used in Fig. 6 and in the fol-
lowing KDE distributions is 0.5.

From Fig. 6, it is clear that the north mostly dominates dur-
ing SC 24, barring the coronal activity prevalence of the southern
hemisphere in 2013–2014 and 2020–2021. These observations
are consistent with the study carried out by Zhang et al. (2024)
on active regions: they found a southern predominance in 2012–
2015 and 2020. In our case, it is more uncertain to find any pre-
vailing activity regarding the years 2012 and 2015 as peaks in
both hemispheres seem to be at approximately the same height.
We also notice that coronal activity in the northern hemisphere
is so preponderant at the beginning of the declining phase of SC
24 (2016–2017) that we almost see only one peak in the distribu-
tion. Around the solar minimum, the active latitudes – appearing
where the solar activity is more intense – shift considerably. At
the minimum of SC 25 (reached around 2019), the two peaks –
located at ±40/45◦ – are separated by almost 90◦. Although the
active latitudes around the solar minimum are usually closer to
the equator (around ±20/30◦ instead of ±40/45◦), the butterfly
diagram and its N-S asymmetry is quite well represented here in
the case of coronal off-limb structures.

The N-S asymmetry is also illustrated by the time-distance
plot in Fig. 7, where each row corresponds to a month in 2021
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Fig. 8. Latitude and intensity of coronal off-limb structures as a function of time. The intensity of the coronal structures in digital number (DN)
is represented using a gradual colour-code based on a logarithmic scale, with blue indicating the lowest-intensity structures and red indicating
the highest. The distribution of structures per latitude over time clearly illustrates the butterfly diagram (particularly when looking at the highest-
intensity reddish structures), with coronal activity moving toward the equator as SC 24 progresses. It also shows the notable rush-to-the-poles
phenomenon observed in both hemispheres between 2010 and 2015, with several surges in the northern hemisphere.

(starting with January in row 1). In this year, coronal activity is
more pronounced in the southern hemisphere, particularly at the
beginning and end of the year. A slight predominance of coro-
nal feature density is observed in the northern hemisphere dur-
ing June, July, and August, suggesting that the N-S asymmetry
fluctuates on a monthly timescale. Interestingly, a roughly four-
month cycle appears, with coronal activity alternating between
the southern and northern hemispheres. This pattern bears a
notable resemblance to the Rieger period, which spans approxi-
mately 158 days and has been observed in several solar phenom-
ena, including sunspots and solar flares (Rieger et al. 1984). Fur-
ther analysis of monthly distributions from other years reveals
different patterns, such as a stronger northern hemisphere pre-
dominance in some years. These month-to-month variations are
crucial for understanding solar dynamics and predicting solar
activity, as they reflect the complex interactions between the
Sun’s magnetic field and coronal structure density. Periods of
heightened activity in one hemisphere increase the likelihood of
solar eruptions in that region, which can, in turn, impact space
weather conditions in different areas of space, including Earth.

4.2. Intensity behaviour

We now continue to explore the distribution of coronal struc-
tures with regard to latitude – namely the butterfly diagram, and
its active latitudes – but now with a specific focus on the inten-
sity behaviour of these structures (bearing in mind the decline of
intensity due to the CCD degradation mentioned in Sect. 3). The
latitude of the coronal off-limb structures is plotted as a func-
tion of time in Fig. 8. The colour bar indicates the intensity of
these structures, spanning the DN range of [103, 106]. The inten-
sity is then normalised on a log scale to the [3, 6] range, which
enables us to distinguish qualitatively more clearly between low-
intensity (blue-ish dots), medium-intensity (green-ish dots), and
high-intensity (red-ish dots) structures.

Intriguingly, the butterfly diagram is here essentially gener-
ated by the coronal structures with higher intensity (in red) that
seem to markedly follow the solar magnetic cycle; the butter-
fly wings are well shaped by the high-intensity structures start-
ing to appear at latitudes around ±20◦ between 2010 and 2012,

and progressively decreasing towards lower latitudes as the solar
cycle evolves with time. A very high density of these red-ish
structures can be observed between 2014 (year in which the solar
cycle reaches its maximum) and 2016. This number then sub-
stantially decreases after that time (i.e. during the descending
phase of SC 24 and the very beginning phase of SC 25 starting
in 2019). The butterfly wings make an appearance again as more
high-intensity coronal structures re-emerge in 2021 with SC 25
beginning its ascent. Figure 8 shows thus the butterfly diagram as
anticipated; however, only for the coronal structures with higher
intensity. The lower- and medium-intensity structures exhibit a
more dispersive behaviour; we also note a higher density of these
structures during the declining phase of SC 24 in contrast with
that of higher-intensity structures.

Coronal structures with medium intensity (in green) mani-
fest an interesting behaviour with long-shaped green-ish struc-
tures heading from high-latitude regions towards the solar poles
– known as the ‘rush-to-the-poles’ phenomenon occurring just
before the polar magnetic field reversal due to the solar cycle
evolution (Lockyer 1931; Hyder 1965; Yeates 2013). In recent
works referring to SC 24, the rush-to-the-poles structures have
been evidenced in the same kind of plot, for example by
Diercke et al. (2024) with solar filaments and by Zhang et al.
(2024) with prominences. Yeates (2013) also found similar
structures during SC 23 by simulating the latitude distribution
of flux ropes.

The N-S asymmetry is once again accentuated by the visi-
ble offset in the migration of these high-latitude structures to the
poles between both hemispheres (Diercke et al. 2024). The rush-
to-the-poles in the northern hemisphere starts in 2010 and seem
to end in 2013 (although a second structure arises from 2013
to 2015), while the rush-to-the-poles in the southern hemisphere
begins later, in 2012, and finishes in 2015, indicating that the
polar field reversal takes place one year after the solar maximum
in the south (but also in the north if we count what appears to be
a second rush-to-the-poles surge).

The observation of this two-year offset between hemi-
spheres complies with the findings of Zhang et al. (2024),
whereby they found that the occurrence of both active regions
and prominences reached its summit in 2011 in the northern
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Fig. 9. Number of detected coronal off-limb structures as a function of
latitude. The different colours account for three categories of intensity
(low-intensity structures in blue, medium-intensity structures in orange,
and high-intensity structures in green).

hemisphere and in 2013 in the southern hemisphere, respec-
tively. Gopalswamy et al. (2016) also found various rush-to-the-
poles surges in the northern hemisphere in terms of prominence
eruptions, whilst the rush-to-the-poles structure in the south-
ern hemisphere shows a steadier pattern. However, they deter-
mined that the rush-to-the-poles phenomenon lasts longer in
the north (until the end of 2015 against 2014 in the south).
They thus derived that the magnetic field reverses later than
expected (after the solar maximum) and that SC 25 might be
delayed in the northern hemisphere. In the past solar cycles, the
magnetic field reversal was always to happen first in the north
(Gopalswamy et al. 2016); regarding SC 25, Jha & Upton (2024)
also predicted the magnetic field reversal to arise first in the
northern hemisphere and, only a few months later, in the south-
ern hemisphere. In Fig. 8, the northern and southern rush-to-the-
poles seem to end at around the same time, in 2015 (by taking
into account the second poleward structure in the north).

After the magnetic field reversal, we notice that there is still a
high density of medium-intensity features during the descending
phase of SC 24 at high latitudes around ±40/50◦, which reveals
a continuous activity from these features. Therefore, the butter-
fly shape is not clear in regards to lower-intensity coronal off-
limb structures, while the high-intensity coronal structures are
distinctly modulated by the solar cycle evolution, as illustrated
by Figs. 8 and 9.

Figure 9 displays the number of coronal off-limb struc-
tures as a function of latitude with 11 bins. Information about
the intensity of the structures is provided by the colour-code
employed in this plot: in blue, we show the structures with an
intensity lower than 20 000 DN (388 936 structures); in orange,
the structures are with an intensity between 20 000 and 55 000
DN (280 513 structures); in green, the structures are with an
intensity above 55 000 DN (208 394 structures). Here, again, the
active latitudes are conspicuous at around ±20◦, for all three
categories of intensity. Nevertheless, the lower-intensity coro-
nal structures (in blue) seem once more to follow a different pat-
tern in comparison with the higher-intensity structures (in orange
and green). We observe a large number of lower-intensity struc-
tures at high latitudes between −90◦/−50◦ and 50◦/90◦, which is
highly supported by the distribution of the blue and green dots in

Fig. 8 and complementary to the characteristic trend of the blue
curve in Fig. 10.

Figure 10 shows the number of coronal off-limb structures
as a function of time. The colour-code is the same as in Fig. 9.
The declining phase of SC 24 is marked by a salient increase of
lower-intensity structures after a local maximum in 2013 and a
local minimum in 2015, while the number of medium- and high-
intensity features decreases in accordance with the evolution of
the solar cycle. A curious peak in the number of lower-intensity
features stands out in 2010; it might be due to the CCD degrada-
tion (see Sect. 3) as the fainter structures were more accurately
recorded in 2010 (and thus captured by the MM detection algo-
rithm) by the AIA instrument that was, very quickly after the
launch of the SDO satellite, strongly affected by its CCD sensi-
tivity degradation.

The peculiar behaviour exhibited by low-intensity coro-
nal off-limb structures – namely, the increase in the num-
ber of these features during the decaying phase of SC 24,
as depicted in Figs. 8 and 10 – may also be a consequence
of CCD degradation. Yet, other studies have reported similar
behaviour for certain types of features, such as isolated sunspots,
which appear more frequently than expected during the decay-
ing phase (Koutchmy & Le Piouffle 2009). Zhang et al. (2024)
also observed a related trend in prominence areas: only promi-
nences with a large projected area (>4.103 Mm2) seem to clearly
follow the solar cycle evolution, while the number of small- and
medium-area prominences expands during the declining phase
of SC 24 – similarly to the low-intensity coronal off-limb struc-
tures in our dataset. However, we only found this pattern when
investigating the intensity of these structures. In terms of pro-
jected area, we did not uncover a similar trend concerning the
small-area structures – the solar cycle variations modulate the
density of coronal off-limb structures in all categories of area,
without exception.

In conclusion, the intensity behaviour of the coronal off-
limb structures is challenging to interpret due to the lack of
information about the specific types of coronal structures (e.g.
jets, loops, prominences) contributing to each intensity cate-
gory. Moreover, we cannot ascertain whether we are observing
the early, intermediate, or late stages of these structures’ evolu-
tion, each of which significantly affects their observed intensity.
Although the temporal and latitudinal behaviour of coronal off-
limb structures appears to vary across different intensity cate-
gories (as shown in Figs. 8, 9, and 10), the overall trend remains
relatively consistent. Specifically, the distribution across latitude
follows a pattern similar to the well-known butterfly diagram and
can be approximated by a double-peaked Gaussian distribution,
as evidenced in Fig. 9.

The main distinction lies in the behaviour of lower-intensity
features, which tend to display a wider distribution across lat-
itudes. A notably high density of low-intensity structures is
observed at high latitudes, which is consistent with the findings
on polar jets – smaller and fainter jets typically found near the
poles. Soós et al. (2024) reported that polar jets are less intense
but more frequent compared to their lower-latitude counterparts,
which are generally larger and more energetic. This wider dis-
tribution of weaker-intensity features may reflect the prevalence
of these smaller-scale events in polar regions, contributing to the
overall complexity of the observed intensity trends.

4.3. Active longitudes

The latitudinal distribution of coronal off-limb structures com-
plies with the solar cycle evolution (at least in terms of
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Fig. 10. Number of detected coronal off-limb structures as a function of
time. The legend is the same as in Fig. 9 (blue: low-intensity structures;
orange: medium-intensity structures; green: high-intensity structures).

high-intensity structures) and results in the emergence of long-
established active latitudes, latitudes where the solar activity is
magnified, and that were first brought to light through histori-
cal sunspot recording. The questions arise, however, about the
longitudinal distribution of coronal off-limb structures, how it is
shaped, and whether it follows a cyclical pattern, as its latitudinal
counterpart does. We address these questions in what follows.

The longitudinal distribution of solar activity (including
sunspots, flares, CMEs) has been studied for many years
(Chidambara Aiyar 1932; Bogart 1982; Bai 1987) and is known
to be non-uniform, with magnetic features clustering in two pre-
ferred longitudinal positions approximately 180◦ apart, hence
the term ALs. These ALs have been observed to maintain a rel-
atively constant position (with a 26◦ dispersion over 10 solar
cycles; see Plyusnina 2010), although they are subject to the
“flip-flop” effect – a periodic switch in the dominant longitudinal
position of solar activity observed first in starspots (Jetsu et al.
1991; Elstner & Korhonen 2005). ALs have been detected on
other stars (Berdyugina et al. 2002; Lanza et al. 2009) and in
various solar features. For example, Berdyugina & Usoskin
(2003) investigated ALs in sunspots over 120 years, while
Gyenge et al. (2012) used the Debrecen Photoheliographic Data
(DPD, Baranyi et al. 2016; Győri et al. 2017) to explore the
longitudinal behaviour of active regions between 1979 and
2011 in the northern hemisphere. ALs have also been thor-
oughly examined in the distribution of CMEs (Skirgiello 2005;
Gyenge et al. 2017), coronal streamers (Li 2011), the interplan-
etary magnetic field (Neugebauer et al. 2000), and solar flares
(Bumba & Obridko 1969; Heras et al. 1990; Mordvinov et al.
2002; Zhang et al. 2007). Specifically, Zhang et al. (2008) found
that 80% of C-class flares occur in ALs (±20−30◦) around solar
minimum, and 80% of X-class flares occur in ALs (±20−30◦)
at solar maximum. Later, Gyenge et al. (2016) discovered that
ALs (±36◦) enclose more than 60% of the flares detected by
GOES and the Reuven Ramaty High Energy Solar Spectroscopic
Imager (RHESSI). Consequently, the position of ALs is an
important proxy for improving solar flare forecasting, as demon-
strated by Huang et al. (2013), who used the distance between
active regions and ALs as a valuable parameter to upgrade the
performance of their flare forecasting model.

Fig. 11. Number of detected coronal off-limb structures as a function of
Carrington longitude. The legend is the same as in Figs. 9 and 10 (blue:
low-intensity structures; orange: medium-intensity structures; green:
high-intensity structures).

According to Usoskin et al. (2007), ALs are influenced by
two main factors: differential rotation and the latitudes of
intense solar activity (i.e. active latitudes). ALs rotate differ-
entially in both hemispheres, resulting in a characteristic N-S
asymmetry (Mordvinov & Kitchatinov 2004; Berdyugina et al.
2006; Zhang et al. 2011), which may stem from the so-called
stroboscopic effect (illustrated by Usoskin et al. 2007). This
effect induces the motion of a non-axisymmetric, quasi-rigid
magnetic structure – responsible for the emergence of ALs –
when it is enlightened by a dynamo (axisymmetric) wave
propagating toward the solar equator. Kitchatinov & Olemskoi
(2005), Olemskoy & Kitchatinov (2009) support the idea that
AL formation is linked to the presence of a rigid background
magnetic field embedded in the uniformly rotating radiative
zone. Specifically, ALs may arise from the interaction between
cyclically oscillating axisymmetric dynamo modes and a non-
axisymmetric relic field, which weakly but consistently mod-
ulates the global mean magnetic field (Mordvinov et al. 2002;
Jiang & Wang 2007; Raphaldini et al. 2023). Dikpati & Gilman
(2005), Dikpati et al. (2018), Dikpati & McIntosh (2020) dis-
cuss the magnetohydrodynamics (MHD) shallow-water model
at the base of the convection zone (i.e. the tachocline) and show
that stationary (or quasi-stationary) Rossby waves can lead to
flux emergence by forming bulges of toroidal field at preferred
longitudes after interacting with differential rotation instability
and toroidal fields within the tachocline.

However, the theory behind ALs remains unclear. ALs can
be difficult to detect, vary across solar cycles, and appear more
acutely in certain solar features than in others. For example,
Zhang et al. (2007) observed that X-ray flares are more fre-
quently detected in ALs compared to sunspots. Therefore, it
is essential to investigate ALs across various solar structures
and over extended periods to ascertain their long-lived exis-
tence. While longitudinal inhomogeneities in solar activity are
generally accepted, studies differ on their exact location, rota-
tion rate, and lifespan, often due to differences in the methods
used for detection (Berdyugina & Usoskin 2003). For instance,
Pelt et al. (2005) questioned Berdyugina & Usoskin (2003)’s
findings, suggesting that their data processing introduced a bias,
leading to a bimodal distribution irrespective of the initial distri-
bution (whether randomly generated or real sunspot longitudinal
distribution).
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Fig. 12. Distribution of the longitude of coronal off-limb structures per
month in 2021. Row 1 corresponds to January and row 12 to December.
Notably, there are significant longitudinal peaks of coronal activity, with
approximately one to three peaks occurring each month. These peaks
exhibit a gradual shift in longitude over time.

In this work, we measure the Carrington longitude at the
centroids of all the coronal off-limb structures contained in our
dataset (877 843 spanning SC 24). Figure 11 shows the num-
ber of these coronal structures distributed as a function of Car-
rington longitude. We set to use 18 bins, that is, each bin spans
20◦ in longitude. That value has been used in previous works
(Berdyugina & Usoskin 2003; Liu et al. 2023) in order to visu-
alise better the ALs. The colour-code is the same as in Figs. 9
and 10. The coronal structures within all three categories of
intensity seem to follow the same distribution. What stands out
in this graph is a spatially periodically pattern with two peaks at
around 100 and 200◦; however, we are not able, as for now, to
interpret this observation. ALs might be likely to appear in the
distribution of coronal off-limb structures, but one would expect
a separation distance of about 180◦ between each other. There
are too many data points to visualise clearly any trends; we thus
need to focus on shorter time ranges (e.g. of the order of months).

The KDE distribution of coronal off-limb structures per
month as a function of Carrington longitude is displayed in
Fig. 12. Similarly to Fig. 7, each row corresponds to the distribu-
tion over one month of the year 2021. We selected the year 2021
as this enables us to gain insight into the longitudinal distribution
of coronal features during the rising phase of SC 25 – when solar
activity begins to strengthen. For each month, we can see several
peaks of density in the Carrington longitude distribution. Some
of these peaks are plainly separated by 180◦: January (row 1),
June (row 6), July (row 7), August (row 8), September (row 9),
October (row 10), and December (row 12) 2021. We notice an
east–west (E-W) asymmetry in the peak height for some months;
for example, that is particularly obvious in December, but also

Fig. 13. Distribution of the longitude of coronal off-limb structures per
Bartels’ rotation in 2021. Row 1 corresponds to the KDE distribution
over the first 27 days of the year. Longitudinal peaks are present, but
are less consistently regular compared to Fig. 12, as this distribution is
not influenced by the bias introduced by monthly divisions. Instead, the
apparent rotation of the Sun, as seen from Earth, is accounted for.

in March, August, and November 2021. Very interestingly, when
looking at these monthly plots as a whole, we spot a shift of the
crests across the months. One can easily follow all the crests
from the one starting in row 1 at 360◦ down until the crest of
row 9 or 10 at 0◦, or else the one starting at 360◦ in row 6 down
until the crest at about 160◦ in row 10. The motion of these crests
looks consistent with an almost constant velocity, but this needs
to be looked into further. We have here plotted the KDE distribu-
tion per month, but ALs last in general longer than a Carrington
rotation: some months may display twice the same longitudes
and introduce a bias in the distribution.

We show the difference by reproducing in Fig. 13 the plot
of Fig. 12 every 27 days (instead of a monthly breakdown),
which corresponds to the Bartels’ rotation. The Bartels’ rota-
tion (exactly 27 days) is very close to the Carrington rotation
but takes into consideration the apparent rotation of the Sun
from the Earth’s viewpoint. Curiously enough, the divergence
between Figs. 12 and 13 is substantial. The crests in Fig. 13
are less sharply shaped; for some months, several peaks are
visible, sometimes very close to each other – the evidence for
the 180◦ distance separation between ALs completely disap-
pears. Nonetheless, one can still visualise a strong pattern; this
time, not by following the crests but the dips. For instance,
there are successive dips from row 2 to row 5 between 250◦
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(a) (b) (c)

Fig. 14. Distribution of the longitude of coronal off-limb structures over a 27-day period in 2021, shown for different latitude belts: centred
around 40◦ in the northern hemisphere (panel b) and −40◦ in the southern hemisphere (panel c), with a latitude range of ±5◦. Panel (a) shows
the longitudinal distribution simultaneously centred around 40◦ latitude in the northern hemisphere and −40◦ latitude in the southern hemisphere,
also with a latitude range of ±5◦. These latitude belts correspond to the solar regions rotating with an approximately 27-day period, while lower
latitudes rotate faster and higher latitudes rotate more slowly. (a) Latitude belt at ±35◦/±45◦. (b) Latitude belt between 35◦ and 45◦. (c) Latitude
belt between −45◦ and −35◦.

and 0◦. The dips then shift and reappear from row 5 to row
9 between 300◦ and 180◦, to finally relocate from row 10 to
row 13 between approximately 50◦ and 150◦. This dip dis-
placement (that becomes a peak displacement in other years)
reveals the zones of quiet longitudes and thus the dynamics of
ALs. The discrepancies between the two Figs. 12 and 13 are
due to the somewhat skewed nature of the monthly distribution
of longitude. Because the Carrington rotation occurs approx-
imately every 27 days, certain longitudinal zones are counted
twice within a single month. In the case of a uniform distribu-
tion, this bias gradually propagates over time, leading to the for-
mation of recurring peaks at specific longitudes that shift each
month. In Fig. 12, we observe this pattern, but it is not as distinct
as described, given that the longitudinal distribution is not uni-
form. Hence, the importance of examining this distribution over
a 27-day period.

However, the longitudinal inhomogeneities in Fig. 13 are
smoothed out as the distribution is plotted across all latitudes.
Usoskin et al. (2007) found that ALs undergo the effects of dif-
ferential rotation, but also of variations in solar activity at dif-
ferent latitudes. The Carrington rotation represents the average
rotation rate of the Sun, while the regions actually rotating with
a 27-day period are situated around 40◦ and −40◦ latitude. In

contrast, the equatorial region, for instance, rotates with a 25-
day period. It is thus crucial to investigate the longitudinal dis-
tribution of coronal off-limb structures within specific latitude
bands whose rotation period aligns with the chosen period in the
displayed distribution.

In Fig. 14a, we present the 27-day longitudinal distribution
of coronal off-limb structures selected within a 10◦ band centred
around +40◦ in the northern hemisphere and −40◦ in the south-
ern hemisphere. We then plot this same distribution separately
for each hemisphere in Figs. 14b and 14c to compare them and
examine potential patterns of the N-S asymmetry. When simul-
taneously looking at both hemispheres in Fig. 14a, we note the
presence of one or several peaks in each 27-day period. Some
are clearly separated by a distance close to 180◦ , for example, in
row 2 around 135◦ and 315◦ longitude, in rows 5 and 11 around
150◦ and 330◦, and in rows 6, 7 (very similar), and 9 around
0◦, 180◦, and 360◦. The ALs are now much easier to identify
within a specific latitude belt. The peaks are distinct and migrate
over time. For example, from row 1 to row 7, there is a peak
between 270◦ and 360◦ that eventually disappears, making way
for another prominent peak visible from row 5 to row 9 around
180◦ longitude. Another peak emerges from row 9 to row 12 and
progressively shifts with time between 0◦ and 180◦.
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(a) (b) (c)

Fig. 15. Distribution of the longitude of coronal off-limb structures over a 25-day period in 2021, shown for different latitude belts centred around
the equator. Panel (a) shows the longitudinal distribution centred around 0◦ latitude with a range of ±5◦, while panel (b) displays the longitudinal
distribution over the northern part of this belt (0◦ to 5◦ latitude), and panel (c) over the southern part (−5◦ to 0◦ latitude).

In Fig. 14a, we also notice a greater contribution to longi-
tudinal irregularities from the southern hemisphere as it man-
ifests higher activity in 2021 compared to the northern hemi-
sphere (see Fig. 7). When focusing only on the 40◦ latitude belt
in Fig. 14b, we can discern two peaks separated by about 180◦

in most rows. However, the distance between these peaks varies,
occasionally being closer or farther apart than 180◦. Particularly
noteworthy is the significant discrepancy in height between these
two peaks (for example, from row 2 to 7 around 140◦ and 320◦

longitude), indicating a pronounced E-W asymmetry that may
reveal the “flip-flop” phenomenon. The distribution in the south-
ern hemisphere (see Fig. 14c) appears to be more dynamic. It
occasionally exhibits only one peak, while in certain rows such
as rows 1, 6, 7, and 9, it may display three peaks. In these rows,
two peaks are sometimes very close to each other and distant
from the third one. In contrast, rows 3 and 4 distinctly show two
peaks separated by approximately 180◦. In row 4, the peaks are
of equal height, occurring around 90◦ and 270◦, whereas in row
3, there is an E-W asymmetry between the peaks at about 130◦

and 310◦.
Interestingly, we observe that in certain rows, a decline in

coronal activity in the northern hemisphere corresponds to an
increase in activity in the southern hemisphere, and vice versa.
For instance, in row 0, a dip is observed in the northern hemi-

sphere around 90◦, while a significant peak emerges at the same
longitude in the southern hemisphere. Similarly, in rows 3 and
10, a dip around 120◦ in the northern hemisphere corresponds
to a peak in the southern hemisphere. In row 2, a peak appears
between 270◦ and 360◦ in the northern hemisphere, while a large
crest extends from 0◦ to 180◦ in the southern hemisphere. In
row 4, there is a peak in the north around 320◦, while peaks in
the south are situated around 90◦ and 270◦. In row 11, a peak
around 160◦ is observed in the northern hemisphere, and another
peak in the southern hemisphere is approximately at 340◦, result-
ing in two distinct peaks separated by about 180◦ in Fig. 14a.
Regarding the three peaks (located around 0◦, 180◦, and 360◦)
seen in rows 6 and 7 in Fig. 14a, they also arise from different
peak locations in both hemispheres that complement each other.
Therefore, it is essential to account for the N-S asymmetry when
investigating ALs and to analyse each hemisphere separately, as
the ALs exhibit an offset between the two hemispheres.

For comparison, we display in Fig. 15 the longitudinal dis-
tribution of coronal off-limb structures for the same year (2021),
but this time centred around the equator and displayed with a
25-day period accordingly. Figure 15a illustrates the distribu-
tion within a 10◦ latitude band centred around the equator (0◦),
whereas Fig. 15b concentrates on the northern hemisphere (lati-
tude belt between 0◦ and 5◦), and Fig. 15c on the southern hemi-
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sphere (latitude belt between −5◦ and 0◦). The effects of the
N-S asymmetry are less pronounced in this case, given the equa-
torial distribution. The three figures appear to be very similar,
with peaks mostly located at the same positions in both hemi-
spheres. However, some variations are observed, such as in rows
5 and 6 where more peaks are visible in the northern hemisphere,
and in rows 1, 2, 12, and 14 where an offset in peak locations
occurs between the hemispheres. Overall, the presence of crests
in Fig. 15a indicates the existence of ALs, although discerning
the 180◦ separation distance between them is more challenging,
except in rows 0, 5, and 6.

5. Conclusion

In this paper we introduced a processing method based on MM
transforms and applied it to the identification of coronal off-limb
structures in SDO/AIA 304 Å images during SC 24 (starting
in June 2010 and finishing in December 2021, with a three-
hour cadence). After filtering (removal of noisy and misaligned
images), the dataset contained 32 985 images with a total of
877 843 coronal off-limb structures. This high number of struc-
tures allowed us to carry out a statistical study by assessing their
main characteristics (e.g. area, intensity, latitude, and longitude).
Our main conclusions are summarised below:
1. The N-S asymmetry is strongly visible in the distribution

of coronal off-limb structures (including in the rush-to-the-
poles phenomenon) and varies according to the years and
months due to the variations of the near-equatorial merid-
ional circulation.

2. The rush-to-the-poles phenomenon is only observed
with medium-intensity coronal structures (and not with
high-intensity structures), probably due to the fact that this
migration starts at high latitudes, while the lower-latitude
structures also emit greater intensity.

3. Active latitudes (around ±20/30◦) that shape the butterfly
diagram are detected for high-intensity coronal structures.
However, the distribution of the lower-intensity coronal off-
limb structures does not show clear butterfly wings.

4. A high density of lower-intensity coronal structures appear
at the high latitudes and solar poles, and during the declin-
ing phase of SC 24. This curious behaviour exhibited by the
lower-intensity structures may be due in part to the CCD
degradation of the AIA instrument.

5. We did not find a similar trend regarding the area of coro-
nal structures, contrary to Zhang et al. (2024) who found that
smaller-area prominences do not seem to follow the solar
cycle evolution (only large-area prominences do).

6. In terms of ALs, we find a spatially periodically pattern in
the longitudinal distribution of coronal off-limb structures.

7. The monthly distribution of the longitude of coronal off-
limb structures, although nicely showing the peaks associ-
ated with ALs and occasionally the 180◦ separation distance
between them, is skewed. As the Sun rotates with an average
rotation period of 27 days, certain longitude bands may be
counted twice.

8. We observe a strong drift of peaks and dips in the 27-day lon-
gitudinal distribution of coronal features that underline the
dynamics of ALs.

9. However, considering the Carrington rotation alone is not
sufficient, one must also account for the differential rotation
occurring across different latitudes.

10. Plotting the 27-day longitudinal distribution within a 10◦ lat-
itude belt centred around +40◦ and −40◦ reveals the exis-
tence of ALs, along with the blatant N-S asymmetry, as

peaks in the southern hemisphere may align with the dips
in the northern hemisphere and vice versa.

11. The 25-day longitudinal distribution of coronal off-limb
structures within a 10◦ latitude belt centred around the equa-
tor also highlights the ALs, but the N-S asymmetry is less
pronounced.

To achieve a deeper understanding of the statistics, conduct-
ing further investigations, particularly regarding the ALs, would
be beneficial. One way to accomplish this would be to expand
our database by including new images from multiple solar
cycles, such as SC 25, or data from previous cycles obtained
through other satellite sources, for example the Solar and Helio-
spheric Observatory (SOHO). Additionally, incorporating other
SDO/AIA channels could help us identify certain corona aspects
that may have been missed in the 304 Å wavelength channel.
These efforts would lead to a more comprehensive and insightful
data analysis. It is important to note that having too much data
can sometimes make it difficult to identify clear trends in data
distributions. To address this, it may be helpful to segment dif-
ferent coronal structures in our dataset. For instance, we used the
2704 labelled jets provided by Liu et al. (2023) and Soós et al.
(2024) to identify coronal jets in our dataset. Other structures, for
example prominences and loops, are also crucial to understand-
ing solar phenomena and eruptions. Therefore, statistical studies
of coronal structures are necessary and should be expanded.

Data availability

The dataset generated and analysed during the current study is
publicly available in the ORDA (Online Research Data) reposi-
tory of the University of Sheffield. It can be accessed at the fol-
lowing link: DOI: 10.15131/shef.data.27130590
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